The research leading to these results received funding from the European Union's Seventh Abstract: 23 The transition to electric vehicles is an important strategy for reducing greenhouse gas emissions from 24 passenger cars. Modelling transition pathways helps identify critical drivers and uncertainties. Global 25 integrated assessment models (IAMs) have been used extensively to analyse climate mitigation policy. 26 IAMs emphasise technological change processes but are largely silent on important social and 27 behavioural dimensions to technological transitions. Here, we develop a novel conceptual framing and 28 empirical evidence base on social learning processes relevant for vehicle adoption. We then 29 implement this formulation of social learning in IMAGE, a widely-used global IAM. We apply this new 30 modelling approach to analyse how technological learning and social learning interact to influence 31 electric vehicle transition dynamics. We find that technological learning and social learning processes 32 can be mutually reinforcing. Increased electric vehicle market shares can induce technological learning 33 which reduces technology costs while social learning stimulates diffusion from early adopters to more 34 risk-averse adopter groups. In this way, both types of learning process interact to stimulate each other. 35 In the absence of social learning, however, the perceived risks of electric vehicle adoption among later 36 adopting groups remains prohibitively high. In the absence of technological learning, electric vehicles 37 remain relatively expensive and therefore only for early adopters an attractive choice. This first-of-its-38 kind model formulation of both social and technological learning is a significant contribution to 39 improving the behavioural realism of global IAMs. Applying this new modelling approach emphasises 40 the importance of market heterogeneity, real-world consumer decision-making, and social dynamics 41 as well as technology parameters, to understand climate mitigation potentials. 42 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 2 The transport sector represents one of the fastest growing sources of greenhouse (GHG) emissions 1 . Integrated assessment models (IAMs) have been used extensively to identify global 2 mitigation strategies to meet stringent climate targets (Kriegler, Weyant et al. 2014 ). IAMs show that 3 transitioning to advanced propulsion technologies in the transport sector, and in particular passenger 4 cars, can significantly contribute to reducing sectoral emissions. Relevant technologies include fuel 5 cell vehicles, electric vehicles, or biofuels (depending on feedstocks and conversion processes) (IPCC 6 2014, Edelenbosch, McCollum et al. 2016 ). Improved technology performance and reduced 7 production costs are essential to make new technologies competitive as alternatives to the internal 8 combustion engine (ICE). In energy system models and IAMs this required progress in 'technological 9 learning' is incorporated through learning rates describing percentage cost reductions per doubling of 10 cumulative production or through exogenous technology improvement assumptions. 11
Empirical studies show that in addition to costs many other behavioural factors strongly affect vehicle 12 choice. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the lambda is set to a high value so that each consumer group selects the vehicle with the lowest 7 perceived cost. 8
Technological learning 9
Technology costs are often found to decrease with increasing experience of production and use, a 10 phenomenon referred to as learning-by-doing and represented by a learning or progress curve 11
( and decline further to 100 US$/kWh over the course of the century. In the endogenous cost scenario 36
we use a learning rate of 7.5% 1 (uncertainty range from 6 to 9%) in line with estimates from the 37 1 Learning rate equals the cost reduction for doubling in cumulative production Page 5 of 17 AUTHOR SUBMITTED MANUSCRIPT -ERL-104887. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t are not assumed to be influenced by learning after many years of experience and so follow the same 6 path as in the exogenous scenario. More detailed descriptions of the LDV costs and battery cost 7 assumptions are provided in Supplementary Materials B. 8
Social learning 9
Social learning about the benefits and risks of new technologies is central to technology diffusion. In 10 his seminal work on 'diffusion of innovations', Everett Rogers defines diffusion as the process by which 11 an innovation is communicated over time among the members of a social system (Rogers 2003 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
Scenario framework 7
We use a set of 18 scenarios to explore the effects of social and technological learning, and how they 8 dynamically interact (Table 1 ). In the reference scenario (labelled 'Ref'), technology costs decline 9 exogenously over time and risk premiums are frozen for the four adopter groups. In the technological 10 learning scenario (labelled 'TL'), risk premiums are also frozen, but technology cost reductions occur 11 endogenously based on a learning curve. In the reference + social learning scenario (labelled 'Ref + 12 SL'), social learning is included but with exogenous technology cost assumptions. Finally, in the 13 technological and social learning scenario (labelled 'TL + SL'), both technological learning and social 14 learning occur endogenously. 15
The three learning scenarios (in Table 1 
Results

4
Technological learning scenarios 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t scenario, the early adopter group shifts to PHEVs in the first half of the century given their preference 1 for new technologies (represented by a negative risk premium which remains constant as there is no 2 social learning). Although early adopters are also attracted to BEVs, this new technology remains too 3 expensive through the first half of the century (Figure 2 based on exogenous assumptions. Once a certain BEV cost threshold has been passed, depending 7 heavily on the learning rate (indicated by the TL range), early adopters shift from PHEVs to BEVs. This 8 shift leads to faster BEV cost reductions (Figure 2 left panel) . Under high learning rate assumptions 9 the early majority group also adopt BEVs by the end of the century, by which point a small group of 10 early adopters move on to FCVs which have become more cost competitive. 11
The early adopter group and technological learning play an important role in this initial phase of a 12 technology transition. With slower learning rates, BEVs remain relatively expensive and EV adoption 13 might not take place at all. Even though the technology is competitive in terms of costs, if risk 14 premiums remain at current levels purchasing a BEV is not an attractive option for the early majority, 15 late majority and laggards. 16 In the SL (social learning) scenarios, the market deployment of BEVs drives down the risk premiums of 24 the early majority, late majority and laggards whereas for early adopters the reduced novelty of BEVs 25
Social learning and technological learning scenarios 17 18
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The effect of social learning can be seen in the diffusion of BEVs from early adopters to the early 3 majority (Figure 3 top right panel, compared to the reference scenario). The risk decline leads to higher 4 BEV deployment which again leads to more risk decline (social learning). As BEVs become mainstream, 5 early adopters become more attracted to distinctive alternatives, such as FCVs (seen previously in 6 Figure 2) . Similarly, PHEVs become less attractive to early adopters which leads to an increase in the 7 BEV share in the first half of the century compared to those scenarios where social influence is not 8
represented. The Ref + SL scenario range shows that social influence effect size has little impact on 9 the initial phase of the transition, but does significantly affect the speed of diffusion from early 10 adopters to other groups. 11
The lower right panel of Figure 3 shows how the combined effect of technological and social learning 12 leads to a faster technology transition and higher market penetration under assumptions of average 13 learning rates and social influence effects. There are different phases during the technology transition 14 in this scenario. First PHEV use by early adopters leads to battery learning reducing BEV costs. The 15 early adopters then shift to BEVs which results in increased technological learning and risk decline for 16 the other adopter groups. The early majority starts to adopt BEVs enlarging both types of learning 17 effect. Technological learning has occurred faster in the beginning and now starts to level off. Risk 18 premiums continue to decrease for the late majority and laggards. But additional policy is still needed 19 to overcome the risk premium barrier for these groups. Clearly, these results are highly dependent on 20 the social influence effect size and the learning rate, indicated by the colored area. Further details on 21 market shares of different vehicle technologies for each adopter groups in the scenarios without policy 22 assumptions are provided in Supplementary Materials G. 23
Page 10 of 17 AUTHOR SUBMITTED MANUSCRIPT -ERL-104887. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The different carbon tax scenarios show that once the transition is put in motion, climate policy and 5 learning processes reinforce the transition dynamic. Notably, in the TL + SL scenario a carbon tax is 6 more effective (in terms of market share increase) than in the TL or Ref + SL scenario. In the TL + SL 7 scenario, market share jumps 30 to 50 % in a period of 10 years in response to the peak carbon tax. 8
The other two carbon tax scenarios, without both technological and social learning, show a much more 9 limited response. However this result strongly depends on learning rates and the social influence 10 effect size, indicated by the colored area. 11
Only under the stimulus of a very high carbon tax (the exponentially-increasing 'Ctax exp' scenario) 12 does the late majority group also transition to BEVs (see Figure 4) . In the scenarios, deployment among 13 the earlier adopter and early majority groups does not trigger a full transition (see Figure 3) . show that although there is some feedback between early adopters and early majority groups, the risk 17
Page 11 of 17 AUTHOR SUBMITTED MANUSCRIPT -ERL-104887. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t premiums of the late adopter groups are still prohibitively high even if technology costs have become 1 competitive. There are various possible explanations for this. First, other processes than social 2 influence, like for example improved electric vehicle charging infrastructure, might help reduce risk 3 premiums, therefore our approach which only uses social influence to reduce risk premiums is 4 conservative. Second, reduction rates in initial risk premiums are the same across adopter groups 5 whereas risk premium declines as a result of increased market share could be larger in the later 6 adopter groups which perceive high risks. Third, the social influence effect size is constant, but in 7 reality it may strengthen as social communication around a new technology intensifies. All these 8 explanations could result in quicker transition dynamics, as well as reaching a full transition, and bear 9 further empirical and modelling analysis. 10
In general, the scenarios in which subsidies are targeted at individual adopter groups lead to increased 11 market penetration of BEVs ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 equals the reduction in risk premium after an increase in market share, whereas the technological 1 learning rate equals the cost reduction per doubling of cumulative battery production in EV 2 application. Given the exponential form of the learning rate equation with its floor price to limit ever-3 falling costs, the fastest learning happens in the initial deployment phase. timing of adoption by early adopters whereas social learning affects diffusion to other adopter groups. 36
The two learning processes can stimulate each other in a positive feedback loop. Policy incentives 37 stimulating EV deployment, such as a carbon tax or dedicated transport sector policies, can spark 38 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 positive learning feedbacks. However, the size of this effect depends strongly on the assumed 1 technological learning rate and social influence effect size which are key future uncertainties. 2 Risk premiums of later adopters remain a barrier to a full transition. The targeted policy and carbon 3 tax scenarios show that although there is some feedback between early adopters and early majority 4 groups the risk premium of the other adopter groups are too high to adopt even if technology costs 5 have become competitive. One key question is whether these risk premiums will reduce further over 6 time either through strengthening social influence effects or alternative policies to help reduce this 7 perceived barrier. Currently available empirical data suggests that even if technology costs come 8 down, adoption barriers could be an important limitation in implementing electric vehicles beyond 9 the first two adopter groups. This is an important area for further research. 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
